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Within thecontext of receptor interactions, ligand-gated ion channels are of particu¬ 
lar interest because their activity is governed by signals from a variety of modulatory 
sites, each of which contributes to coordinated function. In this regard, the Af-methyl- 
D-aspartate (NMDA) receptor is a multisubunit structure that bears binding sites for 
agonists and antagonists. 1 Both glutamate and glycine are required to effect receptor 
function, which is gating of a cationic channel that can be blocked by noncompetitive 
antagonists, such as phencyclidine, l-[l-(2-thienyI)cyclohexyl]piperidine (TCP), and 
dizociipine. In fact, function of the channel has been evaluated by assays of the 
binding of radiolabeled noncompetitive antagonists. Some of these studies revealed 
cooperative interactions between glutamate, glycine, and spermidine, suggesting that 
these modulators act at distinct, but allosterically coupled sites on the receptor. 2 

Polyamines are ubiquitous molecules that have been implicated in a variety of 
cellular functions, including growth and development, biosynthesis of nucleic acids 
and proteins, and regulation of mitochondrial Ca 2+ . 3 They are formed via a pathway 
that involves the decarboxylation of ornithine to form putrescine. Subsequent steps 
involve biosynthesis of the charged triamine and tetramine, spermidine and sperm¬ 
ine, respectively. Positive charges on polyamine molecules presumably could.facili¬ 
tate their interactions with*various important biologically important sites, such as 
negatively charged moieties of nucleic acids and phospholipids of membranes. 

Evidence for a neuromodulatory role of polyamines derives from a variety of 
sources. 4 Polyamines are present in brain at high concentrations (about 400 pM); 3 * 5 ’ 6 
they influence behavioral indices of central nervous system excitability 7 and they 
inhibit the synaptosomal uptake of choline and dopamine. 8 Furthermore, spermidine 
is transported axonaliy in sciatic nerves, 9 and studies of cortical slices have revealed a 
high-affinity uptake system and Ca 2+ -stimulated release of polyamines. 10 Release of 
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polyamines from synaptosomes by a high concentration of KC1 also has been 
observed. 11 

Specific interactions of polyamines with the NMD A receptor have been observed 
both biochemically and electrophysiologically. Evidence that polyamines facilitate 
NMD A receptor activation is evidenced by observations that they enhance binding 
of [ 3 H]dizocilpine and [ 3 H]TCP to sites within the NMDA receptor channel. 12 " 16 
Supporting data, obtained in physiological recordings from Xenopus oocytes, express¬ 
ing NMDA receptor, have revealed that spermine potentiates responses to 
NMDA. 5 ’ 17 * 18 
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FIGURE 1. Enhancement of [ 3 H]dizocilpine binding by spermidine. Well-washed membranes 
(7 washes, 15 |xg protein) obtained from rat forebrain (frontal cortex + hippocampus) were 
incubated with 2 nM [ 3 H]dizociIpine in 0.3 mL 10 mM HEPES • KOH buffer, pH 7.4, 
containing 30 pM glycine at 20 °C. Incubations were run for 6 h in the absence or presence of 30 
jjlM added L-glutamate. Binding was terminated by filtration through GF/B filters presoaked in 
0.5% polyethyleneimine. Nonspecific binding was determined in the presence of 1 p.M cold, 
unlabeled dizocilpme. Each point represents the average specific binding, expressed as percent 
control, of triplicate determinations from one experiment. Control specific binding of [ 3 H]dizo- 
cilpine was 0.13 .± 0.01 pmol/mg protein and 0.83 ± 0.05 pmol/mg protein, the absence or 
presence of 90 nM added L-glutamate, respectively (mean ± SEM for triplicates). Similar 
results were obtained in two additional experiments. 


The mechanisms by which polyamines apparently, facilitate opening of the 
NMDA receptor channel have been investigated by assessing their effects on the 
binding of [ 3 H]dizocilpine under various conditions. 19 In most of these studies, 
spermine and spermidine stimulate [ 3 H]dizocilpine binding. 12 ’ 21 ' 23 Without added 
glutamate, the stimulation is substantial (about 12-fold in our studies), at the 
maximally effective concentration of spermidine (about 500 pM) (Fig. 1). This effect 
could at least in part be accounted for by an enhancement in the affinity of the 
NMDA receptor for agonist. Nonetheless, spermidine also produces stimulation in 
the presence of a saturating concentration of glutamate 24 (Fig. 1), although the 
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stimulation is much smaller in magnitude. This stimulation could not reflect an 
increased affinity for the agonist, and suggests that spermidine exerts a positive 
action on the response to agonist binding, facilitating agonist-induced channel 
opening. 

Although the putative mechanism by which polyamines may alter the functional 
response to agonist binding, as evidenced by increased binding of noncompetitive 
agonists, is not clarified, direct evidence is available regarding the effects of poly¬ 
amines on NMDA recognition sites. In this regard, polyamines enhance the binding 
of [ 3 H](+)-3-(2-carboxypiperazin-4-yl)-propyl-l-phosphonic acid ([ 3 H]CPP), a com¬ 
petitive antagonist of NMDA or glutamate at these sites. 13 A similar action has been 
observed on the binding of [ 3 H]CGP 39653, another competitive antagonist that is 
highly selective for NMDA recognition sites 25 (see Fig. 2). 

The ability to stimulate [ 3 H]CGP 39653 binding appears to be a property 
common to all polyamines, as it is observed when incubations are performed with 
spermine and putrescine as well as with spermidine (Fig. 2). The rank order of 
potencies of the amines is inversely related to the number of amino groups in the 
molecule, indicating that the number of positive charges determines potency. 

The view that polyamines enhance binding to NMDA recognition sites by an 
enhancement of affinity for the radioligands is supported by a recent report in which 
spermine reduced the for [ 3 H]CGP 39653 binding from about 15 nM to 3 nM. 25 
However, our studies of [ 3 H]CGP 39653 binding to well-washed membranes of rat 
forebrain indicated behavior consistent with a two-site model (Fig. 3), and with the 
existence of two states of NMDA recognition sites, exhibiting Kd values of approxi¬ 
mately 6 nM and 200 nM for high- and lower-affinity sites, respectively. Furthermore, 
as the high-affinity sites represented a small fraction (about 25%) of the total density 
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FIGURE 2. Stimulation of [ 3 H]CGP 39653 binding by polyamines. Well-washed membranes of 
rat forebrain (24 p,g protein) were incubated with 3.2 nM [ 3 H]CGP 39653 in 0.3 mL of 10 mM 
HEPES ■ KOH buffer, pH 8.0, containing various concentrations of polyamines. Incubations 
were run for 1 h at 4 °C. Binding was terminated by filtration through GF/B filters presoaked in 
0.5 M Tris HC1, pH 8.0, containing 1 M KC1 and 0.1 mM glutamate. Nonspecific binding was 
determined in the presence of 100 puM NMDA. Each point represents the average specific 
binding, expressed as percent control, of triplicate determinations from one experiment. 
Specific binding of [ 3 H]CGP 39653 in the absence of added polyamines (control) was 0.51 ± 
0.03 pmol/mg protein (mean ± SEM for triplicates). Similar results were obtained in two to 
four additional experiments. 
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FIGURE 3. Scatchard analysis of [ 3 H]CGP 39653 binding to well-washed membranes from rat 
forebrain. Membranes (IS p-g protein) were incubated with each of. 11 concentrations of 
[ 3 H]CGP 39653 (0.3-300 nM) in 0.3 ml 10 mM HEPES * KOH buffer, pH 8.0, at 4 °G for 1 h. 
Nonspecific binding was determined in the presence of 500 jxM NMD A. Binding was termi¬ 
nated by filtration through GF/B filters presoaked in 0.5 M Tris HC1 pH 8-0, containing 1 M 
KC1 and 0.1 mM glutamate. Each point represents the mean of 16 replicates (quadruplicate 
determinations from four separate assays performed on the same tissue preparation). Values of 
Kd and B max indicate the means and standard errors obtained from a single nonlinear, 
least-squares regression analysis of the data from this experiment. Similar results were obtained 
in eight additional assays.. 


of specific binding sites in rat forebrain, additional studies of polyamine interactions 
with NMDA recognition sites seemed warranted. 

Saturation studies of [ 3 H]CGP 39653 binding, therefore, were performed in the 
absence of added polyamines, and were compared to data obtained when 500 fxM 
spermidine was added to the incubations (Fig. 4). The concentration of spermidine 
was selected on the basis of its ability to induce an approximately fivefold increase in 
the binding of [ 3 H]CGP 39653 (Fig. 2). When spermidine was added, Scatchard 
analysis of the resultant data did not support a two-site model, because only one 
population of sites was apparent (Fig. 4B). The affinity of the sites corresponded 
closely to that of the high-affinity portion of binding obtained in the absence of added 
spermidine (Figs. 3 and 4A). Furthermore, in the presence of spermidine, the 
density of sites (B max ) was nearly eqijal to the sum of the densities of high- and 
low-affinity sites assayed in the control condition, and close to the density of sites 
assayed with [ 3 H]dizocilpine (about 5 pmol/mg protein). Therefore, it appeared that 
the major reason for the spermidine-induced enhancement of [ 3 H]CGP 39653 
binding was not to increase the affinity of the sites, but rather to convert the 
low-affinity sites to a high-affinity conformation. Nonetheless, the present data 
suggest that spermidine may also produce a slight enhancement in affinity of the 
high-affinity sites. 

Competition assays revealed that the sites converted by spermidine from a low- to 
a high-affinity conformation had a pharmacological profile consistent with that of 
NMDA recognition sites, and similar or identical to that of high-affinity sites labeled 
in the absence of added spermidine. Under both conditions, ligands for NMDA 
recognition sites (NMDA, glutamate, CPP, and (±)2-amino-5-phosphonopentanoic 
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FIGURE 4. Effect of spermidine on parameters of [ 3 H]CGP 39653 binding in well-washed 
membranes of rat forebrain (see Fig. 3 legend for assay procedure). Results are shown of an 
experiment performed in quadruplicate using the same membrane preparation in the absence 
(A) and presence (B) of 500 jxM spermidine. Values of PQ and B max are the means ± SEM for 
individual Scatchard analyses. Similar results were obtained in three additional experiments. 


acid) had much higher potencies than ligands for non-NMDA glutamate binding 
sites (quisqualic acid, kainic acid, cystine, rrarts-l-amino-cyclopentyI-l,3-decarboxyl- 
ate); and the potencies of the inhibitors in the absence of spermidine were highly 
correlated with corresponding potencies when spermidine was added.. 

The results of these studies are consistent with the view that polyamines 
modulate activity of the NMD A receptor by at least two mechanisms. One of these, 
inferred from the stimulation of [ 3 H]dizocilpine binding in the presence of saturating 
concentrations of glutamate, is independent of an action on affinity of NMD A 
recognition sites. Another mechanism of polyamine-induced activation of the NMD A 
receptor, as evidenced by an increase in the binding of noncompetitive antagonists to 
the channel, appears to involve an enhancement in the sensitivity of NMDA 
recognition sites. Although previous studies have indicated that this action reflects 
an increase in affinity of the sites, the present report demonstrates that a major 
aspect of the spermidine-induced increases in binding to these sites is through a 
conversion of NMDA recognition sites from a low-affinity conformation to one. of 
high affinity. This action of polyamines is a function of the number of amine groups 
on the molecule and is shared by a variety of organic and inorganic cations. 26 
Therefore, relatively nonspecific stimulatory effects of cations on the NMDA recep¬ 
tor could be relevant to receptor function in vivo, and this has implications for the 
interpretation of in vitro assays of NMDA receptors. 
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